peripheral neutrophils to either simultaneous or se-(uential additions of two chemotactic factors were stuidied. Simultaneous additions of formyl-methionylleucyl-phenylalanine (10-100 nM) and the fifth component of complement, C5a (1-10 ,l/ml), evoked partially additive responses of memnbrane depolarization as measured by the fluorescent dye 3,3'-dipropyl-thiocarbocyanine, a transient elevation of intracellular cyclic AMP (cAMP), and superoxide (O2) generation as assessed by ferricytochrome c reduction. Preincubation of the cells with either formyl-methionyl-leucylphenylalanine or C5a alone caused dose-dependent inhibition of the depolarization, the cAMP increase, and O2 release induced by a subsequent exposure to an optimal dose of the same stimuluis, i.e., deactivation occutrred. In contrast, when cells were treated with one chemotactic factor and then exposed to the other stimululs, the cells exhibited a nornial response of peak depolarization, the rise in cAMP, and O2 production i.e., cross-deactivation failed to ocecur. The results imply that deactivation of these phenomena is stimulus specific. Further, these observations are consistent with the hypothesis that cross-deactivation of chemotaxis is mediated by one or more processes that are irrelevant to O2 generation, and that occur distal to the depolarization and cAMP steps in the sequence of neutrophil activation: possibly microtubule polymerization and orientation.
INTRODUCTION
The exposure of neutrophils to a chemotactic factor, in the absence of a gradient, has been shown to prevent the cells from responding with directional migration Received for publicationi 14 Jantuaryl 1980 and in revised formii 16 Mail 1980. 736 when they are challenged with the same or a different chemotactic factor after washing (1) (2) (3) . These two processes have been termed deactivation and cross-deactivation, respectively. Inasmuch as motility per se is not affected (4) , it seems likely that an understanding of the deactivation phenomena will add considerably to our knowledge of the specific chemotactic process. That struicturally unrelated chemotactic factors, some of which clearly bind to distinct cell receptors (5, 6) , can cross-deactivate the chemotactic response indicates that cross-deactivation cannot possibly be explained as simply the effect of receptor blockade, although deactivation could. Our work explores this idea by studying the early cellular events occurring in response to sequential exposures of human peripheral neutrophils to the tripeptide n-formyl-methionyl-leucyl-phenylalanine (FM LP),' and to a partially purified preparation of the fifth component of complement, C5a. The chemotactic factor-induced responses measured were membrane potential alterations as measured by a fluorescent eyanine dye, transient elevations in intracellular levels of cyclic AMP (cAMP), and O2 generation as assessed by ferricytochrome c reduction. The results indicate that deactivation of these three functions is stimulus specific and that a phenomenon analogous to cross-deactivation does not exist for the chemotactic factor-induced cAMP response or for O2 release.
METHODS
Medium. The medium used in this study was prepared with deionized water as a modified Hanks' balanced salt solution, supplemented with 1 mg/ml bovine serum albumin, pH 7.40. Neutrophils. Human peripheral neutrophils were isolated by se(quential dextran sedimentation and Ficoll-Hy-pa(Iue gradienit ceintr-ifuigationi (Pharnmacia Finie Chemicials, Div. of Pharmnacia, Ine., Piscataway, N. J.) (7) . Contanminlatinig erythrocytes were Iysed by treatment with ammoniium chloride (Fisher Scientific Co., Pittsburgh, Pa.) for 10 (8) . Briefly, fresh human seruim was treated with 10 mg/mi zymosan (Sigma Chemical Co.) in the presence of epsiloni-aiminocaproic acicl (1.0 M) for 90 min at 37°C. After removal of the zymosan particles by centrifuigation, the zymosan-treaite ( (Tables I and II, part A) or absence (Tables I ancl II, (14) . Greater than 90% of the cAMP reactivity was dlestroyed by treatnieiit with l)eef heart phospho(liesterase (Sigma Chemical Co.). The methodis of cyclic ntucleotide extraction aund radioimmunoassay procedlures have been previously descriled in detail (15 Experiments were performed to test the effect of preincubation with one stimulus on the subsequent response to the same or a different stimulus. After equilibration with dye, the neutrophils were stimulated with FMLP or C5a and the fluorescence changes monitored continuously for 5 min at 37°C.
Then, optimal doses of either FMLP (100 nM) or C5a (10 ,ul/ ml) were added and the subsequent fluorescence responses recorded for an additional 5 min.
Statistical analysis. Two-tailed comparisons were performed using multiple independent t tests on difference scores (16).
RESULTS
As previously reported (17), the dose-response ranges of the two stimuli for both O2 release and the cAMP response were the same: FMLP, 10-100 nM, and C5a, 1-10 ,l/mil. Superoptimal doses, i.e., 1 ,M FMLP and 33 ,ul/ml C5a induced responses equivalent to those of 100 nM FMLP and 10 ,ml/ml C5a, respectively, which therefore represented the optimal doses. These latter concentrations also evoked maximal fluorescence changes in the dye studies (see below).
Effect of simultaneous additions of FMLP and C5a on superoxide generation. Fig. 1 displays the results of four experiments to test the effects of two stimuli, FMLP and C5a, when added together, on O2 production over 5 min at 37°C. As previously reported, O2 release induced by FMLP was complete by 5 min, as was most of the C5a-stimulated O2 generation (17) . When FMLP and C5a were added separately, O2 production induced over the concentration range 10-100 nM FMLP and 1-10 tul/ml C5a was significantly greater than medium (P vs. control < 0.05). Over these dose ranges, the simultaneous additions of FMLP and C5a caused a greater amount of O2 release than either stimulus alone (P < 0.02).
In several experiments, the cells were treated with either 400 nM FMLP or 33 ,ul/ml C5a alone. In all instances, the cellular responses were similar to those obtained with either 100 nM FMLP or 10 ul/ml C5a alone, indicating that the two latter concentrations had produced the maximal response for each individual stimulus. It is therefore unlikely that the observations reported here reflect an approach to saturation of the response by the combination of the two stimuli. The percent increment in O2 generation caused by the combination of the two stimuli appeared to increase with less than optimal doses of FMLP and C5a until the responses were fully additive at 10 nM FMLP and 1 ul/ ml C5a (P < 0.02). The combination of two ineffective doses, 4 nM FMLP and 0.33 ,ul/ml C5a, did not result in any significant response over control levels. during the course of the two successive stimulations were significantly less than the sum of the FMLP-induced increments with control cells (P < 0.05).
In contrast, FMLP preincubation had no effect on the subsequent response to an optimal (10 ul/ml) dose of C5a (Table I C) . FMLP-stimulated°2 release had ceased by 5 min of incubation (i.e., during the preineuibation phase), so that no°2 production above control 2-3 x 106 neutrophils were preincubated with F-MLP dilutions for 5 min at 37°C (sets A-D). Set A was assessed for ferricytochrome c reductioni, and 100 nM FMLP, 10 1.I/ml C5a, or medium was added to sets B, C, and D, respectively. Sets B-D were incubated for an additional 5 min at 37°C, after which the supernates were analyzed. * 0°generation expressed as nanomoles of ferricytochrome c reduced per 10" neutrophils. Table  II . Preincubation of the cells with 1-10 ,ul/ml C5a for 5 mmin at 37°C caused a dose-dependent inhibition of 0°release to a second challenge by an optimal (10 ,l/ml) concentration of C5a (Table II C) . However, this CSa preincubation h1ad iIo effect oIn subsequent OX produiction1 iindIuicedI by 100 inI F.MLP (Table II B) .
In cointrast to FMILP-stimulated 0. generation, Whichl Was conmplete by 5 min, simlall amouiiits of C5a-induced 0. release couldc still l)e meastiredl i)v 10 mini of incubation (Table II D) .
Effect of calcium on FMLP-induced deactivation of superoxide generationi. (Table IV C) . However, preincubation with 1-10 ,ul/ml C5a had no effect on the subse(luent cAMP response at 15 s to an optimal dose of 100 nMA FMLP (Table IV B) . (Table   IV B'), but had little effect on the subse(quient cAMP response to an optimal (10 ,ul/ml) C5a (lose (Table IV  C Table V , showing the effects of preincubation with one stimulus on the subsequent response to the same or a different stimulus. For these experiments, the cells were initially stimulated and the fluorescence changes monitored continuously for 5 min at 37°C. Thereafter, the second stimulus was added and the subsequent dyecell fltuorescence responses followed for an additional 5 min. The addition of 0.3-10 ul/ml C5a caused an immediate response of increasing fluorescence, which is consistent with membrane depolarization. Peak fluorescence levels were reached within 1 min, after which the response declined toward, but did not reach, control values by 5 min (Fig. 3A, 3B , and Table V) . Treatment of the cells with C5a (0.3-10 ,ul/ml) caused dose-dependent inhibition of the subsequent fluorescence response to challenge with the optimal (10 g.ll ml) C5a dose (Fig. 3A , Table V C), but had no effect on the peak level of fluorescence achieved by the addition of 100 nM FMLP (Fig. 3B, Table V B) . However, C5a preincubation did have an effect on the subse(luent FMLP-induced increment (peak FMLP-induced fluorescence minus basal level) in fluorescence. This effect was due to the fact that the fluorescence responses caused by the higher doses of C5a had not yet returned to basal levels by the end of the first 5-min incubation. Similar results were seen with FMLPi.e., treatment ofthe cells with 4-100 nM FMLP caused dose-dependent inhibition of the fluorescence respouise to subsequent challenge with 100 nM FMLP (data not shown).
Effect of simultaneous additions of FMLP and C5a on dye-cellfluorescence. As seen with 0°generation (26, 27 Time (Min) FIGURE 3 Effect of sequential additions of FMLP and C5a on dye-cell fluorescence. Neutrophils (4 x 106) were equilibrated with 1 ,uM 3,3'-dipropylthiocarbocyanine iodide. At zero time, C5a dilutions or medium were added and the fluorescence changes recorded for 5 min at 37°C. Then, either 10 ,ul/ml C5a (Fig. 3A) or 100 nM FMLP (Fig. 3B) Although°2 generation induced by FMLP ceases by 5 min, the cells are not totally refractory and are fully capable of responding to another stimulus, such as C5a, in terms of the cAMP response and O2 release. These cells, however, remain unable to respond chemotactically when exposed to the second, alternate stimulus in the presence of a chemotactic gradient; i.e., there is cross-deactivation between FMLP and C5a for chemotaxis measured either in Boyden chambers or by the agarose method, as previously reported (3) and confirmed in our laboratory.2
The transient rise in cAMP induced by FMLP and C5a has been suggested to represent an early activation event in the pathways leading to°2 generation, exocytosis, and chemotaxis (17, 22, 23) . If true, then it is unlikely that cross-deactivation of chemotaxis is mediated by an effect on the cAMP response, since the latter cannot be cross-deactivated by FMLP and C5a. More likely, cross-deactivation ofchemotaxis could be due to one or more events or processes required for chemotaxis that are irrelevant to°2 generation and exocytosis of granule enzymes. An attractive candidate for this explanation is microtubule orientation and polymerization. Intact microtubule function is not required for FMLP-dependent O2 release since colchicine and vinblastine, microtubule-disrupting agents, have no effect on FMLP-dependent 02 production (30) . Similarly, 10-100 ,uM colchicine has been reported to have little effect on nonphagocytic degranulation and extracellular secretion of granule enzymes (31, 32) . On the other hand, colchicine has a profound inhibitory effect on stimulated directional migration and on microtubule polymerization (4) . In addition, microtubule polymerization and orientation induced by several different chemotactic factors (including FMLP) is still evident after 20 min of incubation. If chemotaxis results from integrated events requiring dynamic changes in microtubule polymerization and orientation, then a relatively prolonged or sustained effect on microtubules caused by one stimulus could account for the relative refractoriness of the cells on subsequent exposure to another chemotactic factor-i.e., cross-deactivation.
Conceivably, the biologic value of stimulus-specific deactivation and cross-deactivation could be to limit cell responses to chemotactic factors in vivo. The reason for the difference between chemotaxis and°2 generation with regard to the cross-deactivation phenomenon and the significance of these observations in regard to host defense mechanisms remains to be explained. 
